This paper proposes a method of micro-fabrication for the formation of complex non-planar shapes by depositing a colloid evaporative droplet onto topographically structured surfaces. The micro-droplet composed of polyurethane (PU) was self-driven by surface tension to adjust their three-dimensional (3D) shapes bound with the surface of the micro-well array. The micro-wells formed from poly-dimethysiloxane (PDMS) consisted of vertical sidewalls to constrain the fluids as boundary conditions in the Young-Laplace equation until drying. Two types of wetting regimes (fully and partially), corresponding to different droplet volume and allocation, were categorized to perform the shaping process in which evolving fluid contours were self-formed utilizing the general principle of minimal surface energy with certain features of the shape set by the wetting of the PDMS. Using the heterogeneous surfaces, slight-concave circular terraces and half-moon shapes with high curvature were fabricated with micrometer dimensions (well diameter of 900 µm). The formed structures were observed to release themselves from the hydrophobic wells by the de-wetting (de-pinned) process in the completion of evaporation. Moreover, the effects of the boundaries were further explored for half-moon shapes by giving three distinct footprints of the partially wetting droplets. In these cases, both experimental results and numerical calculations were performed and compared to illustrate the significant influence of the fluid contact angle (∼90
Introduction
Since micro-fabrication is so ubiquitous in the fabrication of small sensors and actuators (transducers), the formation schemes of microstructure have been one of the most significant fundamentals of micro-fabrication in the development of micro-electro-mechanical systems (MEMS) [1, 2] . For the purpose of microstructure formed on substrates, a large number of patterning techniques have been explored. Among them, photolithographic technology developed from the integrated circuit (IC) and semiconductor industry seems doubtless, the most powerful and dominant one over two decades [3] . However, it has the limitation on the fabrication of non-planar surfaces or complex three-dimensional (3D) microstructures, applicable photosensitive materials and high capital cost for mass production. Hence, a different series of 'soft lithography' schemes recently developed by the George M Whitesides Group represents a non-photolithographic approach easily surmounting the above difficulties for the micro-fabrication by using a chemical solution [4] . Those simple schemes, primarily including the microcontact printing and microtransfer molding, not only demonstrated optical applications, such as waveguide couplers [5] [6] [7] [8] , but also extensively carried out biomedical microarray fabrications (for instance, DNA and protein chips) using an elastomeric stamper [9] [10] [11] . Apparently self-assembly with patterned microstructure on surfaces of the substrates is a common key to all of them. For fluid flows in micro-scale (>0.1 µm) systems, surface-tension effects are fundamentally dominant over the other forces analyzed in size effect [12] , effective for control and manipulation of droplets [13, 14] . Moreover, the selfassembled formation of shapes by surface tension, explicitly or implicitly using the principle of minimal free energy [15] , becomes another important field in 3D micro-fabrication of many small and complex objects [16] [17] [18] . Nevertheless, the procedure of formation conducted in fluidic environments still produces waste for patterning after fabrication, suffering from large consumption and hazardous disposal by conventional deposition (e.g. spin coating) unless droplet ejection-like methodology is adopted.
Therefore, the objective of the work described in the paper is to explore the alternative scheme for the self-assembled formation of 3D microstructure using drop deposition on the substrate to avoid any undesired waste. In fact, droplet deposition for microstructure patterning, largely borrowed from inkjet printing technology [13] , is considered to provide a very useful tool for a broad range of industrial manufacturing processes [19] , which include liquid-crystaldisplay (LCD) color filters [20] , integrated electronic circuits [21] , organic thin-film transistors [22] , protein chips (labson-a-chip) [23] , nanoparticle MEMS [24] , etc. A diluted solution with a specific solvent (e.g. water) and solid content (e.g. polymer colloid, particle size <1 µm), mostly used for those applications, can provide suitable viscosity (<20 cps) and surface tension (>30 dyne cm −1 ) for generating droplets while being expelled from a tiny orifice one at a time. However, the formation of shape by using evaporative drops exhibits complicated wetting phenomena, such as contactline dynamics [25, 26] and evaporation kinematics [27, 28] , leading to non-uniform patterning deposition. Deeagan et al subsequently proposed a theory and experimentally proved that the non-uniform deposition (the so-called coffee-ring) is caused by capillary flow inside liquid drops [29] , but did not address any resolution of this difficulty for uniformity demanded in applications [20, 30] . Furthermore, the patterned structures by such processes have been indeed limited in control of surface morphology, shape formation, thickness and complexity [31] , mainly attributing it to such capillary flow during droplet evaporation. Ultimately, the control of formed shape and morphology, in particular, plays a significant factor out of those needs.
Previous work in the authors' group investigated fundamental phenomena about evaporation evolutions of volatile liquid droplets in nanoliter wells [32] and demonstrated their usefulness for yielding high-uniformity deposition of thin film in such wells by injecting droplets consisting of color micro-particles dispersed in a solvent [33] . Extended from that, in this research, the incorporation of micro-droplets and microstructures was carried out for the generation of 3D microstructure with high-thickness, largecurvature (nonorthogonal) and smooth shape. The fabrication process is a combination of high-concentration colloid droplets and soft lithography.
Droplets can be multiplied and positioned at a different microstructured domain with respect to the pattern, thus resulting in fabrication flexibility of different 3D structures with volume variation in a single fabrication process. Although the liquid droplets adhere to the patterned surface during evaporation, the formed 3D objects tend to completely reach self-release from its sidewalls as well as bottom walls if suitably hydrophobic materials were used as substrates.
The content of the paper is organized as below. Section 2 illustrates the theory about the interplay between the droplet and the structured substrate during evaporation, along with the operation of experiment setup and steps. Section 3 brings out experimental results and discussions of findings in fabrication of microstructures. Section 4 shows several numerical results in comparison with experiments. And finally we draw a conclusion in section 5.
Theory and operation

Theory of droplets on surfaces
The basic configuration of a droplet wetting on a substrate is associated with the interface between a liquid and a solid (liquid-solid interface) and with the interface between a liquid and a gas (liquid-gas interface) as shown in figure 1 (1) and (2) as follows [34] :
where, referring to figure 1, γ SG is the surface tension of the solid-gas interface, γ SL is the surface tension of the solidliquid interface, γ GL is the surface tension of the gas-liquid interface, θ is the contact angle of the liquid-solid interface, P is the pressure difference (Laplace pressure) across the gas-fluid interface, P G and P L are the pressures on either side of the gas-liquid interface, ρ GL is the density difference between gas and liquid, g is the acceleration due to gravity, y is the height of the meniscus above the horizontal surface and R 1 and R 2 are the principal radii of curvature of the gasliquid (meniscus) interface (e.g., R 1 = R 2 for a spherically curved surface). Thus, equating these two expressions will determine the 3D surface profile on the gas-liquid interface if the material properties (surface tension and density) and boundary conditions (geometry) are well defined.
In particular, at a given volume of liquid V and a contact angle of θ , a specific design of the boundary condition (geometric surface) of a substrate allows the curvature of the meniscus to be modified. In such a particular circumstance, for example, a spherical 2 nl (nanoliter) droplet wetting a flat surface with γ GL = 0.072 N m (with air/water as the upper/lower fluid) at 25
• (see figure 1(a) ). In contrast, the same droplet wetting a 985 µm diameter circular well will give a zero curvature (Laplace pressure ≈ 0) along with uniform height of 657 µm at θ = 90
• (see figure 1(b) ). Through the evaporation of the liquid, the former dynamically reduces the radius of curvature by the receding of the meniscus [25, 26] , while the latter keeps the same footing area but decreasing the height only [32, 33] .
Deposition on structured surfaces
A schematic presentation of the basic operation is sketched in figure 2 . The process consisted of three major steps: (i) the preparation of the structured master by the photoresist lithography process, (ii) the fabrication of the elastomeric mold by molding and (iii) the deposition of polymer droplets on the surface of the mold by microinjection from a pipette. Negative-tone photoresist SU-8 (MicroChem) and polymer polydimethysiloxane (PDMS) (DowCorning) are employed for the fabrication of the master (figure 2(a)) and mold ( figure 2(b) ), respectively, due to their many desirable features and advantages in MEMS applications, as reported previously [4, 35, 36] . The first two steps provided the boundary conditions building a number of geometric constraints into the substrate to increase the degree of control over shape. At the last but major step (iii) toward this fabrication, we carried out our explorations by focusing on various shapes that can be created by two different regimes of structured substrate with micro circular wells consisting of a fully wetting regime (figure 2(c)) and a partially wetting regime (figure 2(d)), respectively, as briefly defined as follows:
(1) Fully wetting regime. The droplet fully filled the well by using large amount of liquid, and thus was confined to the central region of the well by wetting a complete circle of boundary wall in this circumstance. (2) Partially wetting regime. Since the droplet partially filled the well with a small amount of liquid volume, it wetted a certain part of the well only along the circular boundary and the rest of the well remained non-wetted.
In the first regime, a larger droplet spreads out until a symmetric surface confined by structure was reached in the well, so that the definite shape depended on the liquid volume. In the second regime, however, a smaller droplet underwent an asymmetric topography (along the boundary) and resulted in more complex shape. Based on the principle of minimalsurface energy, the fluidic objects self-assembled and formed at structured surfaces under surface tension driven, while final shapes depended on what type of regime was selected for the droplet deposition.
Experiments and results
In the preparation of the SU-8 master and PDMS mold before the droplet deposition, a 4 inch silicon-wafer substrate was standard-cleaned (rinse with acetone, IPA and DI water for 
min), dehydrated (120
• C hot plate for 2 min), spin-coated with a thick photoresist SU-8 (500 rpm for 10 s and 1200 rpm for 20 s) and pre-baked (65
• C and 95
• C hot plate) to create a thick SU-8 layer of 75 µm. This layer was further patterned by photolithography with micro-step structures (see figure 2(a)). Then a 44 ml mixture of prepolymer PDMS (rubber base: curing agent = 10:1) was poured over the SU-8 master, degassed (vacuum 50 torr for 30 min) and heated to an elevated temperature in a few hours (90
• C for 2 h), thus the liquid mixture cross-linked, peeled off and formed an elastomeric solid mold of micro-well structures (see figure 2(b)). The fabricated PDMS nanoliter wells with a diameter of 900 µm and a depth of 76 µm is shown in figure 3 (measured by Keyence R LT9001). The micro-wells lay in a linear array with space of 100 µm. The slope of the vertical wall of the well was about 87
• (see the portion of the SEM picture) and the volume inside the well was about 59 nl. Utilizing this PDMS mold (contact angle of 100
• with water), several formation experiments of droplet deposition were carried out, in which a water-borne polyurethane (PU) (contact angle of 56
• with water, consisting of 20 wt% PU polymer and 80 wt% water) solution was used as the suspension droplet in the study. Surface energy, viscosity, density, light reflective index (n) and particle size for this suspension droplet were about 60 mN m −1 , 5 cps, 1.04 g cm −3 , 1.39 (at 589 nm) and 190 nm, respectively, thus providing a good material-specific (i.e., PU) performance of 90% transparency on average for an optical wavelength of 633 nm (PerkinElmer, Lambda 25 Spectrometer, USA) and 4 H hardness (Wolff-Wilborn Pencil Tester, Model-291, ISO 15184/BS 3900-E19) for optical application.
The self-formation and release procedures driven by surface tension were investigated experimentally by carrying out quantitative droplet injection experiments under controlled conditions of 1 atm ambient air pressure (24 • C and RH 60%) on the micro-fabricated surfaces. In common, droplet experiments were performed by the injection of the PU fluid droplet with a microsyringe onto the PDMS mold and recorded on the top-view images versus time by optical microscopy (OM) during evaporation at fixed time intervals (640 × 480 pixels, maximum 30 frames s
−1
). The images were analyzed to retrieve the evolution behavior of the droplet meniscus, thus revealing a large variety of different phenomena even though the wall surface of the well only offered a relatively simple structure as in previous studies [32] . Two different regimes of PDMS substrate as shown in figures 2(c) and (d) were employed for detailed study.
Centrally symmetrical droplets in a fully wetting regime
A 150 nl droplet was manually deposited into the well as illustrated in figure 2(c). The well was fully filled with the droplet and the liquid-gas interface was also precisely aligned with the well circumference of 900π µm. The evaporating droplet contacted a fully wetting regime the whole time resulting in a centrally symmetrical geometry. Figure 4 (a) shows the acquired microscopic images of the droplet approaching the completion of the evaporation for last 60 s. The most important finding throughout the evaporation process was that the liquid droplet started dewetting the circular boundary of the well (t = 0 s) transformed from a completely wetting status (t = −20 s). After the de-wetted occurrence, the droplet (polymer colloid) fully solidified and caused a separation of the solvent (water) from the solid content (PU) for the last 40 s (t = +40 s), meanwhile creating a visible ring-like frontier toward the center with a mean radial velocity of ∼150 µm/40 s = 3.75 µm s −1 (see the arrow in figure 4(a) ). Moreover, a close inspection of the OM micrographs revealed one additional, more subtle, feature of the de-wetting phenomenon: a ring-like peeling off the sidewall as shown in figure 4(b). Originating from a point of the boundary, the peeling process appeared (t = −4 s), traveled along the circumference (t = −3 s to −1 s) and finally formed a ring-like gap (t = 0 s) with a mean angular velocity of ∼2π rad/4 s = π rad/2 s (∼1.57 rad s −1 ) (see the arrow in figure 4(b) ). Eventually, a three-dimensional solid object self-formed and was released from the vertical sidewall of the well by a ∼50 µm (i.e., 50 µm/500 µm = 10% of the well) gap without any other means (see figure 4(c) ).
Centrally asymmetrical droplets in a partially wetting regime
In contrast, we investigated smaller droplets existing in a partially wetting regime than that of the previous case by lowering the volume of liquid. As seen in figure 2(b) , the triple-zone contact line of the liquid-gas interface preferred surrounding both of the side (vertical) and bottom (horizontal) walls in the underlying well in order to lower the free surface perimeter of the droplet [18] . Figure 5 (a) demonstrated the acquired OM images of a small droplet in the experiment, representing a distinct course of peeling formation during evaporation from previous case. In the last moment of formation, the droplet first wet the part of the boundary wall (t = −20 s), then began de-wetting the sidewall at the apexes (t = 0 s), finished peeling off the sidewall (t = +40 s) and finally resulted in a three-dimensional (3D) cerat-curved object. Moreover, starting at the two apexes, the peeling front (see the arrow in figure 5(a) ) traveled along the boundary and also induced the detachment of PU from the substrate (the shadow represents the boundary of this detachment). The angular velocity of the peeling motion was 60 deg/40 s = 1.5
• s ), marching much more slowly (∼0.026/1.57 = 1.7%) than that in the previous case but leaving fingerprintlike rings (i.e., concentric close contours). Those observed rings are considered an optical phenomenon as Newtonian rings, instead of a physical shape, due to the formation of an air gap between the PU and substrate with gradually increased distance. Another similar cerat-curved sample in the same matter was made and observed by magnifying the view field of interest as shown in figure 5(b) . A close inspection of the OM micrographs disclosed a delicate picture of the fingerprint with a pitch of ∼150 µm/5 = 30 µm (see arrows A-E in figure 5(b) ).
Analysis and discussions
3D topography for two types of droplets in wells
Topographic images for the formed 3D structures in wells were acquired by a scanning electron microscope (SEM) and profiled by a scanning confocal laser (Keyence), as shown in figures 6 and 7. Since solid materials were selfassembled and organized during formation, the resulting PU structures (figures 6(a) and 7(a)) were always smooth in shape, noncrystalline, and thus not inclined to phase separation (i.e. highly miscible solution) after drying and cross-linking [37] . Additionally, the surfaces were determined by the volume, the boundary of the well and the minimization of liquid-solid interfacial energy [15] . For the fully wetting regime, the formed PU structure underwent a small change in footprint diameter (∼10%, with respect to the underlying well) and the overall shape of the polymer was maintained with 3D centrally symmetrical topography after self-release: slightly concave circular terrace (see figure 6(b) ). Relative to the edge of the terrace, the central height (valley) of the terrace was smaller with 39 µm than that, yielding a curve radius of R = 2616 µm and a mean curvature of 1/R = 1/ (2616 µm) = 3.8 × 10 −4 µm −1 . For the partially wetting regime, the PU structure still exhibited the approximate separation from the boundary of the well (∼10%), but the overall one deviated from the center of the well with ∼85 µm instead: slightly concave half moon (see figure 7(b) ). Thus, the valley of the half moon was lower with 18 µm than that around the border and led to a curve radius of R = 538 µm and larger curvature of 1/R = 1/ (538 µm) = 1.9 × 10 −3 µm −1 . In this case, an asymmetrical surface was found in the 2D cross-section of figure 7(b), showing a clear difference of curvature between the moving contact line (left border, slope ∼30 • ) and self-release (right border, slope ∼ 87
• ). As compared with the former (fully wetting regime), the latter (partially wetting regime) apparently produced a highly uneven geometry associated together with at least two sharp points (apexes of a half moon) in 2D top view and five times (i.e., 1.9 × 10 −3 /3.8 × 10 −4 = 5) more curved morphology (smooth curve) in the 3D cross-sectional view that were normally limited in 3D micro-fabrication by conventional methods [31] . Effects of the boundary conditions (moving or pinned) on the topography of the formation were demonstrated to be critical on surface tension driving the formation of 3D structures.
In contrast to the previously reported results of droplet deposition, the present method utilizing a highly concentrated solute (20%) provided a distinctive aspect ratio (>1:10) and a thickness (>65 µm) of a micro shape, compared to a typical deposition value of a few micrometers or less for dilute droplets, beyond the orthogonal thin films [20, 22] and vertically integrated layers [21, 24] in terms of the geometrical respect. For micro-fabrication, the self-release of the selfassembled PU objects by the hydrophobic property of PDMS represented a simple mechanism of automatic detachment during evaporation, as shown in figure 8 , which was possibly applicable for a wide range of nonorthogonal shapes of polymers, such as tetrahedras [16] and pyramids [38] , etc.
Hence, various deposition materials and molding structures might allow for a high degree of freedom in control of the formed shapes of the objects (e.g., hexagonal one), depending on the designed geometry of the mold.
Evolution course of de-wetting process in wells
The formed PU microstructures accompanied the process of the self-release from the sidewalls of the PDMS wells in previous experiments, featuring a fundamental de-wetting phenomenon during evaporation. In addition to previous top-view OM images, a closer inspection of the evolution courses of profiles (meniscus) revealed a more subtle process of the de-wetting phenomenon. Using a scanning-laser profiler (Keyence), the lateral profiles of a droplet in space were measured and depicted with respect to the last time duration (profiled rate = 1 frame/20 s), as shown in figures 9(a) and (b). The meniscus curved up at the initial stage (t = 0 s), flattened with zero curvature in the center (t = 80 s), de-pinned the boundary (t = 140 s), curved down near the border (t = 160 s), then self-released from the sidewall by touching the bottom of the well (t = 200 s) and further contracted with a moving contact line until complete evaporation and solidification (t = 300 s). The self-releasing (t = 140-160 s) and contracting process (t = 160-200 s) corresponded to previous results of 20 s release and 40 s induced flow on the surface as found by OM micrographs (refer to figure 4), respectively. Obviously, the contracting curved-down process (t = 160-200 s) will not appear for those structured surfaces without micro-wells and sidewalls as reported [17] , thus influencing the occurrence of the induced flow.
One observation which is particularly emphasized in figure 9 (b) was that the prompt release (rupture) from the sidewall simultaneously evolving along with the change of the curvature in the middle of the drying droplet suggested the strong correlation between the radial motion (t = 140-200 s) and Laplace pressure ( P ). The afore-release meniscuses were typically curved upward (convex) and then exhibited positive Laplace pressure ( P > 0), whereas the meta-release ones became curved downward (concave) with negative Laplace pressure ( P < 0). This self-releasing formation driven by surface tension appeared to be very distinct from the previous studies for the pinned patterns on homogeneous surfaces [25] [26] [27] [28] [29] [30] and the pinned/depinned rupture on inhomogeneous (structured) surfaces [32, 33] . Therefore, rapid and efficient self-release of a formed piece from the mold was promoted by means of free surface energy and appropriate surface hydrophobicity, potentially allowing for high-throughput production of micrometer sized structures with even more complex shapes.
Varied profiles for different concentrations of solute
For the evaporation process, the final dried profiles from the same sized droplets were also controlled by the concentration of solute. We investigated the implementation of profile change in fully wetting experiments by employing four different concentrations of PU solute (C = 10%, 20%, 25% and 34%) and dimensionless coordinates (i.e.,x = x/R a , figure 10 , the computed hemispherical profiles for C = 10% and 34% agreed well with the experimental ones where the former and latter were convex and concave shapes, respectively. The other two estimated values for C = 20% and 25%, however, deviated from experimental ones by having a higher border (concave) and lower center (convex) as well. The findings indicated, as shown in figure 11 , that the resultant shapes for 10-34% solute droplets featured mixed radii of curvature (convex/concave) while yielding convex or concave shapes for droplets with solute concentration above 34% or below 10%, respectively. We noted that the evaporation of the meniscus and heat transfer of the materials were considered a driving force for the final dried formation. For instance, differential evaporation at the edge of the droplets provided an induced flow for colloid movement toward the edge as a coffee-ring phenomenon since de-wetting from the sidewall [29] ; hence in all except the highest concentration (34%) of colloidal (PU) suspension, more PU solute accumulated at the edge than that in the center, leading to the convex/concave shapes (figure 10). Also, heat transfer could play a role in the detachment of the solute from the substrate, and thus the difference of the thermal conductivity between the PDMS substrate and PU solute perhaps contributed to the de-wetting and self-release phenomena (figures 6, 7 and 9). Finally, the control of the formed profiles was predicted in theory and realized in experiments by varying the solute concentration herein.
Approximation of cerat-curved shapes on bottom
While the self-release function depended on the de-wetting action of droplets on surrounding sidewalls, the precise footprint shape was determined by the capillary action of droplets in the micro-wells. To understand the capillary effect of the micro sidewalls on the self-shaping of the droplet, the 2D schematic for a partially wetting regime, as shown in figure 12(a) , was physically modeled, where the bound circular droplet (radius = R b ) was reshaped to be irregular one (radius = R c in the middle) due to the capillary action on the boundary of the circular sidewall (radius = R a ). In principle, the droplet was contracted along the central line (axis X) to occupy a new area S2 from the old one S1, staying stable at location X 0 , Y 0 with a contact angle of θ on the boundary (sidewall). The reshaped free contour was most likely to be smoothly curved under the balance of the forces in the middle C and the border B1, B2, following the minimal free energy of surface tensions T1, T2, as shown in figure 12(b) . Using the similar concept of wave flow by Pashinina [39] , one 1D string wave equation with the meniscus height y with respect to location x [40] can be expressed by the hyperbolic partial differential equation (PDE) (3) . The theory to be applied is based on the analogy between the fluid flow and solid string so that the portion of the meniscus in contact with the bottom behaves in a similar manner to the bound string. Hence, the surface tension for a fluid flow (meniscus) plays an analogical role of the string tension for such a string. This case is valid only if the meniscus is capable of freely moving (i.e. depinned) on the bottom surface. In addition, the meniscus is assumed to vibrate temporarily with wave speed (c) until the final (dried) shape of the meniscus will be fixed (c = 0 at rest) over time through the energy dissipation due to flow viscosity:
Here c is a constant equal to the propagation speed of the wave. For a stationary (steady) state of wave, (3) is independent of time (t) (i.e., ∂y/∂t = 0), thus leading to a Laplace's elliptic PDE (4) expressed as The solution of (4) can be expressed in terms of a Fourier series as
where x, y are in the Cartesian coordinate system on an interval [−L, L], L is the half interval of the meniscus in contact with the bottom surface (to be determined by an experiment), a 0 , a n , b n are the coefficients of the constants and n = 1, 2, 3, . . . in the periodic function. If the meniscus height is symmetric along the center line x = 0 (i.e., an even function), then b n is zero everywhere (i.e., b n = 0 for n = 1, 2, 3, . . . ). Furthermore, equation (5) can be approximated by taking account of the first two coefficients a 1 , a 2 only (i.e., with node = 2) as below:
And three boundary conditions to determine y(x) are
Note that the first-order derivative is dy (4) and (5), we have a matrix equation (6) corresponding to the above self-shaping function y(x) to be solved numerically for a 0 , a 1 , a 2 by the following system:
and
In order to solve the self-shaping function of droplets in capillaries, three different cases of partially wetting droplets were explored experimentally and numerically with the circular wells with a diameter of 900 µm (2R a ), in which the formed footprint diameters (2R b ) were 675 µm (case I: 675/450 = 1.50), 625 µm (case II: 625/450 = 1.39), 527 µm (case III: 527/450 = 1.17), respectively. Figure 13 shows that all computed results reasonably agreed with the experimental ones, demonstrating highly curved meniscuses controlled by the boundary condition. To characterize the geometric shapes, herein we normalized the dimensions by the well radius, i.e. x = x/R a ,ȳ = y/R a . It was clearly seen in the dimensionless coordinates that there was an identical tangent angle of the apex (to the ex-circle) almost equal to 90
• for three cases, representing the same contact angle θ of PU droplets with the PDMS well sidewalls regularized by the previous classic Y-L equation (1) .
Using the approximation solution (6), the radius R and the dimensionless (normalized) radiusR of curvature for the meniscus can be given by equation (11), and then the curvature κ and the dimensionless (normalized)κ is inversely proportional to the radius, expressed by equation (12) as follows:
Here we found as shown in figure 14 that three minimal curvatures ofκ ∼ = 0 occurred atx = ±0.33 (case I), ±0.48 (case II), ±0.63 (case III), respectively (see figure 14(a) ), corresponding to the maximal (infinite in theory) radii of the meniscus curves [see figure 14(b) ]. In addition, three regionally maximal curvatures for three cases were all located in the center (i.e.,x = 0) withκ = 0.62 (case I), 0.89 (case II), 1.36 (case III), respectively, increased as droplet diameter (and volume) enlarged. These curvatures were associated with the proportional radii ofR = 0.74 (case I), 1.13 (case II), 1.62 (case III), respectively, representing the radii (R a ) of the incircles as described in figure 12(a) . However, in the three cases, the individual curvature reached universally identical maximal valueκ = −2.24 ± 0.05 as its radiusR = −0.45 ± 0.01 nearby the sidewall coinciding with the previous bound contact angle θ ≈ 90
• .
Finally, we noted that the micro objects fabricated by the present scheme were suitable for optical applications because of their curved shapes. Figure 15 illustrated several schematic configurations for the optical design of lenses, using these fabricated high-transparent microstructures as a converging prism (concave lens), a diverging prism (convex lens) and a half-converging prism (half-moon lens). In general, the application of such lenses is potentially suitable to realize non-imaging systems for light collimation, light distribution, shaping unconventional beams and other optical functionality [41] . Hence, when compared to the other MEMS methods for manufacture of lenses, such as LIGA [42] and excimer laser micromachining [43] , the present deposition method can be an inexpensive and competitive alternative of providing similar utility for the generation of non-planar lenses with controllable various profiles (figure 10). Figure 15 . Schematic of the optical application using the formed structures as three types of lens prism for the direction change of light beams.
Conclusion
In this paper, we presented a method that the employment of microfluidic droplets interacted with circular-well structured surfaces can self-form and release nonorthogonal threedimensional (3D, featured diameter of ∼900 µm) solid objects. A self-formation process driven by surface tension provided a rapid and efficient scheme of fabricating certain types of complex shapes on the different regimes of the surfaces, and thus presented the rather specific advantages (for instance, simplicity, low number of fabrication steps and cost-effectiveness) for the creation of pseudo 3D structures by conventional methods (e.g., photolithography). The combination of droplet volumes, deposition locations, material properties, simple geometrical constraints and boundary conditions allowed the formation of various curvatures in the system. The experimental and numerical simulation results fit well to one another in the study. The surfaces of the micro objects fabricated by the scheme were curvedly shaped (RMS roughness ∼200 nm) and potentially suitable for optical applications. The roughness may probably be reduced much further by post-processing procedures such as heat or light curing. In principle, the scheme could be scaleable to smaller dimensions (10 µm or less) if inkjet printing is applied to generate droplets. This method provides a low-cost manufacturing process with the flexibility of sizes and shapes of micro-structures in a high-throughput manner.
